DNA polymerase delta (Pol d) is responsible for elongation and maturation of Okazaki fragments. Pol d and the flap endonuclease FEN1, coordinated by the PCNA clamp, remove RNA primers and produce ligatable nicks. We studied this process in the Saccharomyces cerevisiae machinery at millisecond resolution. During elongation, PCNA increased the Pol d catalytic rate by >30-fold. When Pol d invaded double-stranded RNA-DNA representing unmatured Okazaki fragments, the incorporation rate of each nucleotide decreased successively to 10-20% that of the preceding nucleotide. Thus, the nascent flap acts as a progressive molecular brake on the polymerase, and consequently FEN1 cuts predominantly single-nucleotide flaps. Kinetic and enzymetrapping experiments support a model in which a stable PCNA-DNA-Pol d-FEN1 complex moves processively through iterative steps of nick translation, ultimately completely removing primer RNA. Finally, whereas elongation rates are under dynamic dNTP control, maturation rates are buffered against changes in dNTP concentrations.
a r t i c l e s In eukaryotes, Okazaki-fragment synthesis is initiated by DNA polymerase (Pol) α-primase, which creates a 20-to 30-base primer initiated by approximately 7-10 nt of RNA 1 . A conserved and highly regulated process synthesizes lagging-strand DNA from these primers and removes the Pol α-primase-synthesized RNA from each of the ~50 million Okazaki fragments synthesized in mammalian cells, forming continuous double-stranded DNA upon nick ligation 2 . Many different DNA structures are formed during Okazaki-fragment synthesis and maturation, and improper processing of these intermediates is a major cause of genome instability. Moreover, mutations can arise from the incomplete removal of Pol α-synthesized DNA 3 .
Pol δ performs the bulk of lagging-strand DNA synthesis, extending Pol α primers until reaching the 5′ terminus of the preceding Okazaki fragment. In S. cerevisiae, Pol δ is a three-subunit complex consisting of Pol3, Pol31, and Pol32 (ref. 4 ). The catalytic subunit, Pol3, contains both the polymerase and the proofreading 3′-5′ exonuclease activities. Each subunit contains motifs that bind to the sliding clamp proliferating cell nuclear antigen (PCNA) [4] [5] [6] [7] [8] . When loaded onto primer termini by replication factor C (RFC) in an ATP-dependent reaction 9 , PCNA increases the intrinsic processivity of Pol δ, allowing it to replicate hundreds of nucleotides in a single DNA binding event 10 .
Because Okazaki fragments are initiated with Pol α-synthesized RNA, ligation cannot occur until initiator RNA is removed. This removal requires the joint activity of Pol δ and the structurespecific flap endonuclease I (FEN1). When Pol δ reaches the 5′ end of the previous Okazaki fragment, it continues replicating by limited displacement of the RNA primer, forming a 5′ flap, which is cut by FEN1. To completely remove the RNA primer, it has been proposed that iterative Pol δ strand displacement and FEN1 cleavage is required, a process termed nick translation 11, 12 . The forward movement of Pol δ that results in strand displacement is countered by exonucleolytic activity of Pol δ, which reverses this action; repetition of this cycle is known as idling. Idling supports maintenance of the nick position in the absence of other processing activities 13 . Without idling, unregulated strand-displacement synthesis generates problematic long flaps that require alternative processing mechanisms 14 and can cause lethality when FEN1 activity is also compromised 15 .
Okazaki-fragment maturation, involving the action of Pol δ, FEN1, and DNA ligase I, is the best-studied example of a sequential multienzyme process coordinated by PCNA. For maturation to occur efficiently, cooperation with PCNA must be tightly regulated, and enzymes exchange access for DNA intermediates in a prescribed sequence. Debate remains concerning the mechanism of this cooperation. Because of PCNA's homotrimeric structure, it has been suggested that multiple enzymes may simultaneously bind to PCNA, each occupying a separate monomer; this is called the tool-belt model 16 . Biochemical evidence in support of tool-belt models has been reported in bacterial systems 16, 17 and in archaea 18 . The alternative model presupposes dynamic binding to and dissociation from PCNA, thus resulting in sequential switching of partners. Use of engineered yeast PCNA heterotrimers has provided biochemical evidence that nick translation does not absolutely require simultaneous binding of Pol δ and FEN1 (ref. 19 ), but the methodology has not allowed for evaluation of whether this switching actually occurs.
Although the general pathway of Okazaki-fragment maturation has been well established, several critical mechanistic steps have remained unresolved because of the low kinetic resolution of existing studies. With the goal of better understanding how PCNA coordinates multiple enzymes during Okazaki-fragment synthesis and maturation, we performed millisecond-resolution kinetic studies with a quench-flow apparatus. This analysis reveals new and unexpected insights into the regulation of 5′-flap generation and processing. Furthermore, our analysis provides evidence for the proposed tool-belt model of the Okazaki-fragment maturation machinery.
RESULTS

PCNA increases the catalytic rate of Pol d
The experimental design of our studies in the quench-flow apparatus is described in Online Methods. Unless otherwise noted, the exonuclease-deficient Pol δ-DV was used in all experiments to prevent degradation of DNA substrates 15 . We started by measuring the rate of incorporation of a single nucleotide by a preformed DNA-Pol δ complex ( Fig. 1a) ; this rate constant is 9 ± 1 s −1 (Fig. 1b,c) . Under our standard assay conditions, binding of the polymerase to DNA was saturated, and the dTTP concentration (250 µM) was near saturation ( Supplementary Fig. 1a,b ). This rate constant was higher than that observed in a previous analysis of Pol δ (ref. 20) but much slower than previously determined rates of replication by PCNA-Pol δ on RPAcoated single-stranded DNA 21 . We first investigated whether inclusion of RPA enhanced the catalytic rate of Pol δ alone, and we found instead that RPA strongly inhibited incorporation ( Supplementary Fig. 1e) .
In contrast, when PCNA was loaded onto DNA, we observed that PCNA-Pol δ incorporated a single nucleotide at a rate too fast to be accurately determined in our apparatus (>300 s −1 ) ( Fig. 1b,c) . Because polymerase was prebound to DNA in both experiments, the increase in the rate constant was probably caused by intrinsic stimulation of the nucleotide incorporation rate by PCNA. Whether PCNA enhances the rate of the conformational change of the ternary polymerase-DNA-dNTP complex or the chemical step cannot be distinguished here 22 . Nevertheless, these data provide evidence that PCNA can actively influence the catalytic activity of a bound enzyme in addition to stabilizing it on DNA.
To determine how RPA influenced the rate of nucleotide incorporation by PCNA-Pol δ, we initiated reactions with dTTP and dATP, allowing the polymerase to incorporate 21 nt (Fig. 1a,d and Supplementary Fig. 1d ). For graphical representation, we plotted the median extension product as a function of time ( Fig. 1e and description of analysis in Online Methods). At saturating dNTP concentrations ( Supplementary Fig. 1c ), PCNA-Pol δ synthesized at a rate of ~340 nt/s, with or without RPA ( Fig. 1e) , thus indicating that RPA does not affect replication of homopolymeric templates. On mixed-sequence DNAs, RPA aids in processivity by resolving secondary structures; however, this stimulation can also be accomplished by heterologous single-stranded binding proteins 23, 24 .
In yeast, dNTP concentrations are only 12-30 µM (ref. 25) . When we performed extension reactions with physiological levels of the four dNTPs, replication rates were reduced substantially, to 66 nt/s, thus indicating that these rates are not maximized at normal cellular dNTP levels ( Supplementary Fig. 1f,g) . These submaximal rates are advantageous for fidelity purposes because proofreading of errors is more efficient at subsaturating dNTP concentrations 26 . Furthermore, rNTPs, which are present at much higher concentrations than dNTPs, represent a discrimination challenge to DNA polymerases 25, 27 . When we included both dNTPs and rNTPs at physiological concentrations, DNA synthesis by PCNA-Pol δ proceeded at a rate of 51 nt/s ( Supplementary Fig. 1f,g) , a rate compatible with rates of fork movement in yeast 28 .
Strand-displacement synthesis by Pol d
We next observed Pol δ approaching the 5′ terminus of a model Okazaki fragment and initiating strand-displacement synthesis. Previous experiments have lacked the kinetic resolution to determine what occurs when Pol δ reaches the double-stranded block and which features of the 5′ block determine the kinetics of this process 21, 29 . We annealed the primer and a downstream oligonucleotide block to their a r t i c l e s npg a r t i c l e s corresponding templates ( Fig. 2a,c) , leaving either a 2-nt or a 5-nt gap between the primer terminus and block. We first focused on the substrate with a 2-nt gap and a RNA 8 DNA 19 block ( Fig. 2a) . We performed rapid-quench kinetic experiments with the complete system (RPA, PCNA, RFC, Pol δ-DV, and α,β-methyleneadenosine 5′-triphosphate (AMP-CPP), as described in Fig. 1a ) but in the presence of all four dNTPs at saturation. After reaction initiation with dNTPs, Pol δ rapidly extended the primer at 200-300 nt/s. We plotted the fractional occupancy of the nick product and of each strand-displacement product over time (Fig. 2b) . The final nucleotide closing the gap into a nick was inserted at a rate ~50% that of the normal synthesis rate, thus indicating that the presence of the block is sensed by the polymerase. Pol δ stalled substantially at the nick position (designated as 0), thus indicating that it cannot seamlessly initiate strand displacement. Furthermore, the observed rate of nucleotide incorporation, in which the polymerase invaded the duplex DNA, slowed to 10-20% that of the previous step, from 11.3 ± 1.0 s −1 for the first nucleotide displaced, to 1.4 ± 0.2 s −1 for the second, to 0.38 ± 0.06 s −1 for the third nucleotide. Thus, the nascent flap acts as a progressive molecular brake on the DNA polymerase, limiting formation of longer flaps. Furthermore, this progressive slowdown was not the result of specific DNA or RNA sequences but instead was a consequence of the increasing length of the flap (Supplementary Fig. 2e-g) . To extend the model-free fitting in Figure 2b , we performed global kinetic fitting of these data to two different models. These models are discussed in detail in Supplementary Fig. 2a,b and their implications are considered further in the Discussion.
Given its function in Okazaki-fragment maturation, Pol δ may have evolved the ability to displace RNA-DNA duplexes more readily than DNA-DNA duplexes. We investigated whether either the duplex stability or the sugar identity (RNA versus DNA) is the main determining factor for strand-displacement capacity. We focused on the relative duplex stabilities of the 5′-proximal 4 bp that initially block invasion by Pol δ (Fig. 2c) . RNA-DNA and DNA-DNA duplex stabilities have been determined by nearest-neighbor analysis 30 . The RNA-DNA duplex of substrate I was more stable than the DNA-DNA duplex by 0.7 kcal/mol. Pol δ reached the nick at the same rate for both substrates (Fig. 2d,e and Supplementary Fig. 2c ). However, the rate of release from the nick position and strand-displacement synthesis proceeded faster for the DNA-DNA duplex than for the more stable RNA-DNA duplex. When we reversed the duplex stabilities, with the DNA-DNA substrate being more stable, the RNA block was displaced more rapidly than the DNA block ( Fig. 2c-e and Supplementary Fig. 2d ). These data suggest that strand-displacement rates are governed primarily by duplex stability rather than by RNA versus DNA identity.
Pol d idling at a nick
We carried out the studies above with exonuclease-deficient Pol δ-DV, so that calculations of forward polymerization rates were uncomplicated by exonucleolytic degradation. After limited strand displacement, a r t i c l e s wild-type Pol δ degrades DNA back to the nick position, using its exonuclease in a process called idling 13 . To perform experiments with wild-type Pol δ, we assembled replication-competent complexes in the presence of dCTP and dGTP to prevent substrate degradation, and we initiated replication by addition of the four dNTPs ( Fig. 3a) . We compared fractional occupancies of select replication intermediates with those measured with Pol δ-DV ( Fig. 3b and Supplementary Fig. 3a) .
Replication up to the nick position was comparable for both forms of Pol δ. However, as the wild-type enzyme invaded the nick, it reversed, using its exonuclease activity. As a result, the fraction of nick products did not decay, and in comparison with the results for Pol δ-DV, flap products did not accumulate (Fig. 3b ). An equilibrium distribution of products maintained by idling was reached within 500 ms. At equilibrium, the fractional occupancy of nick product was comparable to that of all flap products combined, thus suggesting that the rate of degradation was comparable to that of strand displacement of the first nucleotide (~10 s −1 ). Rates of strand displacement by wild-type Pol δ were also governed by the stability of the block. A more stable block yielded an equilibrium distribution of extension products favoring the nick product and shorter flaps ( Supplementary Fig. 3b-d) .
FEN1 processes single-nucleotide flaps
We next reconstituted nick-translation synthesis, which requires coordinated action of Pol δ and FEN1. Structural and mechanistic studies have shown that FEN1 does not simply cut 5′ flaps at their base, as generally depicted, but binds a single 3′ extrahelical nucleotide into a specificity pocket, then cuts the 5′ strand one nucleotide into the double-stranded DNA, which itself has become partially unpaired 31 . For a single-nucleotide 5′ flap, which can equilibrate into a 3′ flap, the proposed cleavage mechanism is depicted in Figure 4a . Previous studies have shown that the major product produced by FEN1 during nick translation is a mononucleotide 12 , which is presumably the result of cleavage following formation of a 1-nt flap by Pol δ. However, many studies have shown that the 1-nt flap is not the preferred substrate for FEN1; instead, FEN1 cuts double-flap structures with a singlenucleotide 3′ flap and a variable-length 5′ flap much more avidly [31] [32] [33] . Indeed, in our sequence context, double-flap substrates were cut faster than the single nucleotide flap (Supplementary Fig. 4i) . Given the temporal resolution of our system, we were able to determine which strand-displacement products provide substrates for FEN1. We labeled DNA substrates in various positions (Fig. 4b) to monitor different enzyme activities. Then we initiated reactions with dNTPs together with FEN1 ( Fig. 4b) . Addition of FEN1 did not alter the rate at which Pol δ reached the nick position or the rate of +1 extension-product formation ( Fig. 4b and Supplementary Fig. 4a,b) . However, the addition of FEN1 led to a very rapid decay of the +1 extension product, thus suggesting that FEN1 acted on this substrate (Fig. 4c) .
We also monitored the production of FEN1-digestion products. The mononucleotide product predominated, but dinucleotides and trinucleotides were also formed (Supplementary Fig. 4c) . The 1-nt cleavage product formed with kinetics that lagged behind the formation of the +1 displacement product but preceded formation of the +2 displacement product (Fig. 4c) , thus indicating that the 1-nt cleavage product resulted from the displacement of a single nucleotide. If reequilibration of the single-nucleotide 5′ flap into a 3′ flap is a prerequisite for FEN1 activity, reequilibration must occur at a timescale faster than cutting (>5 s −1 ). Products of 2 nt and 3 nt resulted from processing of longer flaps that accumulated at later times (Supplementary Fig. 4d ). Efficient flap cleavage relied on the interaction between PCNA and FEN1. The PCNA-defective mutant FEN1-p 34 was strongly compromised in cutting flaps generated by PCNA-Pol δ ( Fig. 4d and Supplementary Fig. 5e ).
The prediction from these studies is that relative rates of stranddisplacement synthesis through sequences with different stabilities determine the distribution of FEN1 products. This is indeed what we observed; on our most stable substrate (substrate III), stranddisplacement synthesis proceeded much more slowly than on the standard substrate ( Supplementary Fig. 2f,g) , and FEN1 products longer than the mononucleotide were negligible ( Supplementary  Fig. 4e-g) . From these data sets, we conclude that the major FEN1 substrate during nick translation is a single-nucleotide flap and not the double flap that is more active in FEN1 cutting.
Coupling strand displacement to FEN1 action
A central proposal in the current view of nick translation is its coupled, reiterative nature, i.e., that multiple cycles of strand displacement and FEN1 cutting of predominantly 1-nt flaps removes the initiator RNA. As such, we predict that first, FEN1 cuts iteratively at every position in the downstream oligonucleotide, in effect producing a ladder of products, and second, the degradation of the downstream oligonucleotide should match the extension of the primer oligonucleotide. To visualize all intermediates of FEN1 cutting, we labeled the 3′ end of the blocking oligonucleotide (Fig. 4b) . Indeed, we observed a ladder of downstream oligonucleotides resulting from regular and reiterative FEN1 cutting. To examine polymerase-FEN1 coupling, we compared the median primer length of products replicated past the nick position with the median length of 3′-labeled oligonucleotides cut by FEN1 (Fig. 4b,e ). When plotted, the slopes were nearly equivalent, with the median primer length increasing at ~5 nt/s and the median downstream oligonucleotide degrading at ~4 nt/s. This inverse relationship suggests a tight coupling of strand displacement and FEN1 nuclease activity during nick translation.
If polymerization during nick translation were rate limiting, a decrease in dNTP concentrations from saturating to physiological Supplementary Figures 3a (wild type) and 2c (DV). Fractional occupancies of the nick position, +1 product, and +2 or more products past the nick are plotted. npg a r t i c l e s levels should decrease the nick-translation rate to ~25%, as observed with unimpeded elongation (Supplementary Fig. 1g ). We performed nick translation assays at physiological dNTP concentrations. Primerelongation rates during the linear range of nick translation were comparable at both saturating and physiological dNTP concentrations (Supplementary Fig. 4h ), thus indicating that other steps during nick translation are likely to be rate limiting.
Experimental evaluation of the PCNA tool-belt model
Interaction with PCNA allows Pol δ to replicate single-stranded DNA processively, but the extent to which PCNA-Pol δ can perform processive strand-displacement synthesis, and whether a stable PCNA-Pol δ-FEN1 complex exists that performs processive nick translation, remains unresolved. To determine whether PCNA-Pol δ can processively replicate through a typical Okazaki-fragment primer (~7-10 nt), we used heparin to trap free Pol δ that had dissociated from DNA (Fig. 5a) . In the absence of PCNA, 10 µg/ml heparin completely inhibited Pol δ even when the polymerase was prebound to DNA (Fig. 5a, lanes 1 and 2) . A second control experiment showed that pretrapped Pol δ could not bind PCNA-DNA, and replication was inhibited (lanes 9 and 10). However, when Pol δ was prebound to PCNA-DNA, challenge with heparin upon initiation with dNTPs did not cause a decrease in strand-displacement products after 5 s, and we observed only a partial decrease after 20 s (lanes 3-6), thus indicating that the complex is processive at the timescale during which nick translation normally occurs. Processive strand-displacement synthesis occurred through either DNA or RNA blocks, and at saturating or physiological dNTP levels ( Fig. 5a and Supplementary Fig. 5a,b) .
Second, we asked whether FEN1 also acted processively during nick translation. Because heparin inhibited FEN1 under all conditions (data not shown), we used an oligonucleotide-trap substrate with a structure representing the optimal substrate for FEN1 ( Supplementary Fig. 5e ). This trap did not inhibit strand-displacement synthesis by Pol δ (Fig. 5b, lanes 1-4) . In a control experiment, when FEN1 was prebound to the oligonucleotide trap before reaction initiation with dNTPs, we observed no products longer than the expected strand-displacement products (lanes 3 and 4 and 9 and 10), thus indicating that the trap did not inhibit strand-displacement synthesis but did inhibit FEN1. In addition, preincubation of FEN1 with the trap blocked cleavage of a preformed flap-containing DNA (Supplementary Fig. 5e ). However, when FEN1 was allowed to assemble onto the DNA-PCNA-Pol δ complex before addition of dNTPs with the DNA trap, very long extension products were formed, consistently with FEN1 acting processively during multiple cycles of nick translation (Fig. 5b, lanes 5 and 6 and 7 and 8) . The processivity of nick translation was not absolute, because more efficient nick translation was observed in the absence of the trap, which allowed reloading of dissociated FEN1. One caveat of this experiment is that, The DNA template was substrate I RNA block. Reactions were initiated with 250 µM dNTPs, with or without 6 µM oligonucleotide FEN1 trap ( Supplementary Fig. 4i, bottom DNA) .
a r t i c l e s because the DNA trap does not trap Pol δ, we formally cannot exclude the possibility that some polymerase dissociated and rebound during nick translation, even while FEN1 remained bound. However, because FEN1 remained processive, a DNA-PCNA-Pol δ-FEN1 complex that advances nick translation must exist. These processive activities are completely dependent on the interaction of FEN1 with PCNA, because they were abrogated when we used the PCNA-interaction-defective mutant FEN1-p ( Supplementary  Fig. 5c ). Stable FEN1 binding to PCNA during nick translation did not depend on the form of polymerase used, because both exonuclease-deficient Pol δ-DV and wild-type Pol δ showed processive nick translation ( Fig. 5b and Supplementary Fig. 5d ). In sum, these data provide evidence that the quaternary DNA-PCNA-Pol δ-FEN1 complex performs efficient and processive nick translation.
DISCUSSION
Our high-resolution kinetic analysis has illuminated new aspects of the basic steps of Okazaki-fragment synthesis and maturation. Analysis of the DNA-Pol δ complex yielded the unexpected result that the presence of PCNA greatly accelerated the observed incorporation rate of Pol δ (Fig. 1) . This finding was surprising because the leading-strand Pol ε shows a high rate of incorporation in the absence of PCNA (~200-300 nt/s), which is comparable to that of PCNA-Pol δ (ref. 35 ). Furthermore, the orthologous bacteriophage T4 DNA polymerase shows a full catalytic rate of ~400 s −1 in the absence of its PCNA-like replication clamp 36 . Thus, Pol δ shows two unique PCNA-stimulated activities: catalysis and processivity.
Our analysis focused on strand-displacement synthesis by Pol δ and on nick translation, to determine which activities could act in synergy to restrict flap sizes. When the polymerase enters an RNA-DNA or DNA-DNA block and initiates strand-displacement synthesis, a progressive molecular brake is applied to the polymerase. Reduction of base-pairing energetics at the block alleviates the severity of the molecular brake. We show here that this alleviation can be accomplished by introducing less stable sequences at the block site ( Fig. 2) , but it can also be accomplished by reducing the salt concentration or raising the assay temperature 21 , or even by mechanically pulling on the displaced strand, as shown by single-molecule techniques 37 .
Our modeling of the kinetics of strand-displacement synthesis does not currently allow us to conclusively provide a specific molecular mechanism explaining the progressive slowing of the polymerase. We considered two different models in Supplementary Figure 2a,b . It is possible that nucleotide insertion by Pol δ is progressively inhibited by the growing flap (model 1), or that during strand-displacement synthesis, the enzyme equilibrates between an extension-competent form and an extension-incompetent form (model 2), or that a combination of both models occurs. Model 1 does not sufficiently describe our data because it does not contain steps in which Pol δ switches from its polymerase to its exonuclease domain (idling, Fig. 3) or steps in which the primer terminus is released, thus allowing FEN1 to act (nick translation, Fig. 4) . Even though several rates in model 2 remain poorly defined, we believe that this model has merit because it incorporates these additional steps necessary for nick translation.
Several studies, including ours ( Supplementary Fig. 4i) , have indicated that the 1-nt flap is not the optimal FEN1 substrate 31, 33 . Yet this structure is cut most frequently because it is the substrate presented to FEN1 during nick translation; the rate with which the 2-nt flap is produced from the 1-nt flap is generally lower than that of FEN1 cutting (Fig. 4c) . However, if 2-nt or longer flaps are made, albeit infrequently, the increased rate with which they are cut by FEN1 should ensure that flaps generally do not grow to a dangerously long size (Fig. 6) .
PCNA's homotrimeric structure has the potential to serve as a binding platform for multiple enzymes simultaneously (the toolbelt model). Previous studies have shown that two functional PCNA monomers are sufficient for full Pol δ activity 19 . Because FEN1 binds only a single PCNA monomer 38 , Pol δ and FEN1 have the potential to remain simultaneously bound to a single PCNA during nick translation. Our data support the model in which a quaternary DNA-PCNA-Pol δ-FEN1 complex performs processive nick-translation synthesis. Evaluating the PCNA tool-belt model in vivo remains a challenge. The PCNA interaction defect in FEN1-p not only reduced nuclease recruitment to the emerging flap but also prevented processive action by FEN1 during nick translation (Supplementary Fig. 5c ). The latter defect prevents the tool-belt mechanism from operating. Remarkably, despite these defects, FEN1-p (rad27-p) mutants show only marginal genetic instability phenotypes in yeast 34, 39 . However, when redundant controls on excessive strand-displacement synthesis are eliminated, such as in a Pol δ exonuclease-defective mutant, the rad27-p mutation can cause synthetic lethality 40 . At this point, we are unable to attribute the genetic defect of the rad27-p mutant to either the recruitment or processivity defect of FEN-p.
We show that Pol δ processively performs strand displacement on a timescale relevant for Okazaki-fragment maturation (Fig. 5a) ; nick translation proceeds at a rate of ~5 nt/s (Fig. 4e) , thus suggesting that removal of RNA should generally be accomplished within 2 s. A previous report has determined that Pol δ collision with the 5′ end of an Okazaki fragment decreases the affinity of the polymerase for DNA, designated 'collision release' 24 . Because we found that the whole process should be complete within just a few seconds, our data do not disagree with those from that study, which was carried out on a time scale of minutes. Therefore, although the collision release model may be important under some circumstances, appreciable dissociation of Pol δ occurs too slowly to substantially affect nick translation. It could be argued that at lower, physiological dNTP concentrations, nick translation might occur at a reduced rate. However, we found this not to be the case (Supplementary Fig. 4h) . These data suggest that steps other than primer elongation are rate limiting; these steps are likely to involve the consecutive steps of polymerase release, flap reequilibration, FEN1 flap engagement, and cutting. Nucleotide levels in yeast are under dynamic control, for example, during the stress response 41 . Our data suggest that, whereas elongation rates are under strict dNTP control, maturation rates are buffered against changes in dNTP concentrations.
The focus of our study has been on Pol δ and FEN1, and their DNA-bound complex with PCNA. DNA ligase I, which completes the process, was not included in this study. In archaeal replication studies, a processive complex of polymerase, FEN1, and ligase with the heterotrimeric PCNA has been observed 18, 42 . It is likely that the eukaryotic machinery works in a slightly different manner. Eukaryotic npg DNA ligase I also contains a PCNA-binding domain 43 , one function of which is recruiting ligase to replication foci 44 . However, previous studies have shown that ligase acts distributively, and the position of ligation after RNA removal is largely dependent on ligase concentrations 21 . In yeast, acute depletion of DNA ligase allows nick translation to proceed up to the dyad of the nucleosome that has been assembled on the completed lagging strand 45 . The analysis of these small fragments has provided valuable information regarding the limits that the cellular environment sets to nick translation by the PCNA-Pol δ-FEN1 complex.
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